identified (e.g., see Weimann et al., 1999); however, the mechanisms underlying how maturing neurons reorganize their projections remain to be elucidated.
). tined for remodeling, and that it mediates the axonal pruning of MB ␥ neurons independent of the surroundTo determine the cause of such abnormal axon projections, we examined ␥ neurons homozygous mutant for ing cells. Finally, we tested the individual functions of several ecdysone primary response genes, including l(X)48 or l(X)101 lines (hereafter referred to as mutant neurons) through different developmental stages. In larBroad-Complex (BR-C), E74, and E75, and found that none of them are essential for the EcR/USP-mediated vae, mutant neurons acquired the wild-type pattern of dendrites and axons (data not shown). However, pruning MB remodeling. This study demonstrates cell-autonomous roles for EcR/USP in controlling MB neuronal reof the larval dendrites and axons was not observed during early metamorphosis (data not shown). By 18 hr modeling, potentially through novel downstream targets.
after puparium formation (APF), larval-specific axonal branches and most dendrites had been pruned in wildResults type ␥ neurons ( Figure 2E ), but mutant ␥ neurons retained larval dendrites and axonal branches ( Figure 2D ).
Remodeling of MB ␥ Neurons
These experiments indicated that the larval axon projecThroughout this study, the MARCM system was used tion pattern persisted in the adult l(X)48 and l(X)101 to generate clones of uniquely labeled MB neurons by mutant ␥ neurons as a result of a failure in axon pruning. inducing mitotic recombination in newly hatched larvae (NHL). All single-cell/two-cell MB clones induced in NHL were ␥ neurons, and their axon projection patterns unCell-Autonomous Requirement of USP derwent reorganization during the pupal stage (Lee et for the MB Remodeling al., 1999). Following the remodeling of MARCM-labeled
In parallel with the mosaic genetic screen, we took a single ␥ neurons at different stages revealed how the candidate gene approach to test whether mutations in bifurcated larval axons were converted into adult procknown genes would affect MB remodeling. Because the esses lacking dorsal branching (Figures 1D-1F ). Shortly timing of pruning coincides with the onset of metamorafter puparium formation, both dorsal and medial phosis, and because ecdysone has been implicated in branches started to degenerate ( Figure 1E ; data not mediating the metamorphosis of neurons (see Introducshown). It remains to be determined whether the degention) and changes of MB neuronal morphology in culture erating axons are pruned by fragmentation or retraction.
(Kraft et al., 1998), we decided to test the involvement Interestingly, the axon pruning stopped at the bifurcaof the ecdysone receptor in MB neuronal remodeling. tion point ( Figure 1E) . Later, the pruned axons extended
The functional ecdysone receptor is a heterodimeric growth cones and projected new processes toward the complex composed of EcR and USP subunits (Yao et midline without dorsal branching ( Figure 1F ). In addition, al., 1993). Because the EcR locus is centromeric to all the dendrites of ␥ neurons underwent extensive degenavailable FRT sites on the 2R chromosomal arm, we eration followed by re-elaboration during metamorphodecided to perform mosaic analysis of usp in MB metasis (arrowheads in Figures 1D-1F Figure 3C ). This failure in axon and dendrite remodeling was completely We reasoned that if a gene is required in MB ␥ neurons for pruning their larval-specific axons, the loss of such rescued by a transgene containing the usp ϩ genomic B1 is specifically expressed in the MB ␥ neurons. To distinguish ␥ neurons from ␣Ј/␤Ј neurons unequivocally, However, only about 10% of the l(X)101 hemizygous males could be rescued to adulthood as compared with we used GAL4-201Y to drive expression of a GFP (green fluorescent protein) marker in ␥ neurons but not 100% of l(X)48 hemizygous males or l(X)101/usp 3 females, suggesting that a second-site mutation on the in ␣Ј/␤Ј neurons (Lee et al., 1999). We found that in the region of MB cell bodies, the EcR-B1 expression pattern l(X)101 chromosome is responsible for the semilethal phenotype.
perfectly matched the GAL4-201Y-driven GFP expression ( Figure 5 ), indicating that all ␥ neurons and only ␥ To determine the molecular identity of usp mutations on the l(X)48 and l(X)101 chromosomes, the usp open neurons in the larval MB express EcR-B1. This observation supports the notion that EcR-B1 expression is enreading frames (ORFs) from both mutant chromosomes were sequenced. Surprisingly, we found the same single riched in neurons destined for remodeling during metamorphosis (Truman et al., 1994). nucleotide change in both l(X)48 and l(X)101 in the entire ORF of the usp gene. This was not likely due to a polymerase chain reaction (PCR) cross-contamination (see
Requirement of EcR-B Isoforms for the MB Remodeling Experimental Procedures). Nor was it likely due to mutant stock contamination, as l(X)48 and l(X)101were
To test directly whether EcR-B1 activity is essential for MB metamorphosis, we asked whether the MB ␥ neuidentified from two different rounds of EMS mutagenesis several months apart, and they are genetically distinct rons reorganize their projections during the pupal stage in EcR-B mutants. Because of the difficulty in collecting as l(X)101 apparently carries an additional semilethal mutation (see above). Because both alleles we isolated enough homozygous mutant "pupae" (see Experimental Procedures), these experiments were performed using resulted in the same base change, we named this allele usp geted GFP selectively in ␥ neurons using the GAL4-201Y 
/EcR
31 mutant brains at 24-hr APF, modeling, we tested whether the primary response genes BR-C, E74, and E75 are required for MB metamorwe observed normal pruning of both larval dendrites , and E74 DL-1 by generating homozygous ons only to the medial ␥ lobe ( Figure 7E (Fletcher et al., 1995) . Using the Deciphering the mechanisms by which neurons reorganize their existing processes and create new projection MARCM strategy, we generated multiple uniquely labeled single-cell/two-cell clones of ␥ neurons homozypatterns is important for understanding how neuronal networks are modulated. Our study demonstrates that gous for each of the four selected mutations. To study the pruning of both dendrites and axons, the projections the remodeling of MB neurons is dependent on the activities of nuclear hormone receptors USP and EcR-B1. of homozygous mutant neurons were examined around 18-hr APF, when both larval-specific dendrites and axThe cell-autonomous requirements of USP and EcR-B1 revealed by the studies in mosaic organisms strongly ons are completely pruned in wild type ( Figure 1E ). All mutant ␥ neurons except those homozygous for the suggest that nuclear hormone ecdysone works directly on target neurons to orchestrate the neuronal process E74 DL-1 mutation were well labeled, and we observed no evidence for any delay or defect in dendritic or axonal reorganization program. In insects, the steroid hormone ecdysone initiates and pruning (Figures 7A-7C) . Accordingly, no defect in MB reorganization was detected in the adult stage (data not coordinates diverse tissue-specific developmental programs at different developmental stages, especially durshown). In the case of the E74 DL-1 mutant (disrupting the E74B isoform), we encountered difficulty in following ␥ ing metamorphosis (Thummel, 1996). Specifically, work , suggesting that the EcR/USP may also regulate expressed in neurons that undergo reorganization, whereas EcR-A is expressed in differentiating neurons neuronal development before the prepupal ecdysone peak. We found that USP is dispensable for the normal (Robinow et al., 1993; Truman et al., 1994). We found that EcR-B1 is abundantly present in the remodeling morphogenesis of MB ␥ neurons before puparium formation. However, we cannot rule out the possibility that MB ␥ neurons but absent in ␣Ј/␤Ј neurons, corroborating previous findings (Truman et al., 1994) . Because of the the USP protein inherited from heterozygous precursors at the time of clone generation may be adequate for lack of antibodies against the EcR-B2-specific 17 amino acid residues, we have no knowledge regarding EcRlarval MB development.
B2 expression in MB neurons. The lack of MB neuronal
forming MARCM analysis using the E74 v4 allele (FlyBase) remodeling in the EcR-B1/EcR-B genotype (i.e., a comthat failed to complement both E74A and E74B specific plete loss of the EcR-B1 activity and one half of the alleles (our unpublished observations). Unfortunately, EcR-B2 activity, but wild-type level of the EcR-A activity) MB neurons homozygous for the chromosome arm conindicates that EcR-B1 is necessary for MB neuronal retaining the E74 v4 mutation were rarely found in mosaic modeling. Remarkably, this remodeling defect can be larval brains and had very faint processes even before rescued equally well by both EcR-B1 and EcR-B2 isopuparium formation, which prevented us from analyzing forms, suggesting that the difference between the EcRthe remodeling of these dying neurons; and no mutant B1-specific 226 residues and the EcR-B2-specific 17 neurons could be detected after adult eclosion. There residues may not be of functional significance in this is a tightly linked vtd 4 mutation associated with the E74 They are likely to allow neurons to be "compeHogness, 1990). To our surprise, our study did not reveal tent" for reorganization by regulating the expression of any function for these genes in MB neuronal reorganizaessential components of the pruning machinery or a tion. Given that the BR-C, E74, and E75 protein products receptor that receives spatially regulated pruning signal belong to entirely different classes of transcription facto ensure precisely controlled process pruning. The abiltors, it is unlikely that there is significant functional reity to perform mosaic genetic screens using the Drodundancy among these proteins. However, several posophila MB ␥ neuron as a paradigm may allow us to tential caveats exist regarding E74. First of all, although identify these additional components essential for neu-␥ neurons homozygous for the E74 DL-1 mutant (for the ronal process pruning in both invertebrates and verte-E74B isoform) chromosome acquired the normal adult brates. type of projections, remodeling of their neuronal processes could not be examined in detail because of weak ; 10Tb/TM3 stock was generated (10 is a transgene containing genomic DNA of the usp locus). The E74 mutations were recombined with FRT2A (3L).
Molecular Characterization of the l(X)48 To identify npr1 3 recombinants, hemizygous lethality was used as and l(X)101 Mutations a criterion. In addition, similar morphologically characteristic dead Standard procedures were used to purify genomic DNA from female larvae were found on the wall of vials both before and after recombiflies heterozygous for the l(X)48, l(X)101, and another independent, X nation. Recombinant chromosomes containing E74 mutations were chromosome, lethal mutation as a control. The usp ORF is contained selected based on lack of complementation between the E74 v4 allele within a single exon, which was PCR amplified by either primer set and 
